To propose methods to determine the fiber content of carbon fiber-reinforced plastics (CFRP) for the International Organization for Standardization, the fiber contents of CFRP with polyamide-6 were measured using a combustion method based on ISO 14127 and a thermogravimetry method based on the modified ISO 9924-3 under a round robin test managed by the Polymer Subcommittee of the Industrial Technology Cooperative Promotion Committee in Japan. In the combustion method, the fiber contents of the CFRTP (∼0.3 g) were determined by the mass of carbon fiber remaining after burning (ISO 14127). The fiber contents in weight of the CFRTP with 8, 9, or 10 plies were determined to be 55.720%, 61.088%, or 65.326%, respectively, by 17 research institutes. In the thermogravimetry method, the fiber contents of the CFRTP (∼10 mg) were determined by the mass of carbon fiber remaining after heating it to 600 ∘ C in nitrogen gas using thermogravimetry apparatus (modified ISO 9924-3). The fiber contents of the CFRTP with 8, 9, or 10 plies were determined to be 56.908%, 61.579%, or 64.819%, respectively, by 8 research institutes. It was confirmed that thermogravimetry method was as accurate as the combustion method based on ISO 14127.
Introduction
Currently, carbon fiber-reinforced plastics (CFRP) are widely used as structural materials in construction, vehicles, airplanes, and so on. Initially, epoxy resin was used as the matrix resin for the CFRP [1] [2] [3] [4] [5] . Thermoplastics have, however, replaced epoxy resin for some of the abovementioned products. Carbon fiber-reinforced thermoplastics (CFRTPs) are manufactured mainly using flow molding, such as extrusion and injection molding [6] . Therefore, carbon fiber content distribution in CFRTP products could be wider than that in CFRP with epoxy resin since the thermoplastics could flow during heat process, such as heat pressing and aging processes. It is important to control the carbon fiber content of CFRP products, because the carbon fiber content strongly affects their mechanical properties. Methods to determine the carbon fiber content of CFRP are regulated by two international standards: the one set by the International Organization for Standardization (ISO 14127, "Carbon-FibreReinforced Composites-Determination of the Resin, Fibre 2 Journal of Polymers and Void Contents") and the one proposed by the American Society for Testing and Materials (ASTM D3171-15, titled "Standard Test Methods for Constituent Content of Composite Materials"). The fiber content by weight of CFRP is measured after removing the resin part of the CFRP using strong acids according to ISO 14127 and ASTM D3171-15 [7] or by combustion in nitrogen gas according to ISO 14127 [8] . However, methods that do not use combustion or strong acids are safer and eliminate the need to treat liquid wastes arising from the use of the acids. Fiber contents of CFRP have been measured in several studies to determine the characteristics of CFRP [7] [8] [9] [10] . The relationship between the fiber contents and thermal diffusivity measured by IR thermography was studied to provide a new method for measuring the fiber content of composites [9, 10] .
Recently, many manufacturers have developed apparatus for thermogravimetric analysis using thermogravimetry (TG) apparatus. It is possible to determine the resin content in CFRP to choose the appropriate temperature program and purge gas, since the thermal degradation behavior of resin is different from that of carbon fiber. The international standard ISO 9924-3, titled "Rubber and Rubber Products-Determination of Composition of Vulcanizates and Uncured Compounds by Thermogravimetry-Part 3: Hydrocarbon Rubbers, Halogenated Rubbers and Polysiloxane Rubbers after Extraction," was published in the ISO technical committee (TC) 45 "Rubber and Rubber Products" [11] . The weight ratio of the rubber part, carbon filler, metal, and inorganic fillers can be determined using this standard. We tried to apply to a CFRP to determine its carbon fiber content instead of doing so by carbon black content of the rubber product by TG. Usually, ∼10 mg of a specimen is used for thermogravimetry. On the other hand, ∼0.3 g of a specimen is used for measurement by method as described in ISO 14127. This small amount of specimen offers better results in the investigation of the fiber content distribution at different locations of a CFRP product than that obtained using the method proposed by ISO 14127.
The round robin tests (RRT) for CFRTP on physical properties, such as mechanical properties and degradation, were undertaken by the Polymer Subcommittee of the Industrial Technology Cooperative Promotion Committee, comprising Japanese local governmental research institutes and the National Institute of Advanced Industrial Science and Technology (AIST, Japan) [12] from 2012 to 2016. The round robin test of fiber contents of CFRTP in this study is one of the results. The fiber contents of CFRTP in the tests were measured by the combustion and strong acid according to ISO 14127 and were measured by TG method according to ISO 9924-3. The author proposes a new standard as fiber content of CFRP by TG method, to be considered under ISO/TC 61, "Plastics."
The fiber contents were measured by three methods, which were compared to propose a new, optimal method for fiber content measurements. The first method involves removing resin by combustion according to ISO 14127. The second removes resin by thermogravimetry. The third removes resin using strong acids. 
Fiber Content Measurement by Combustion.
Fiber content measurements by combustion were performed according to ISO 14127. For this test, 1 cm 2 specimens were used without further cutting. The weight of each specimen was measured using an electric balance. The specimen was bound with nichrome wire to prevent carbon fibers from flying away during combustion. Using tweezers to hold it, the nichromewire-bound specimen was introduced to a Bunsen burner flame, a little above the top of the reducing zone of the flame, and heated until its bottom surface became red hot. Then, the specimen was inverted and maintained until the other surface became red hot. When all the resin had been burnt off, the red flame disappeared. The remainder of the specimen was weighed. The fiber content by weight was derived by dividing the weight of the specimen after burning by the weight of the original specimen.
Fiber Content Measurement by Thermogravimetric Analysis.
The fiber content of the CFRTP composite sample was measured by combustion of the matrix resin of composites using TG apparatus. The test procedure was almost the same as that outlined by ISO 9924-3 for the determination of the composition of rubber products. Sample pans made of Al 2 O 3 (a platinum pan can also be used) with a diameter of 5.2 mm and height of 5 mm were used for thermogravimetry. Specimens weighing 5-20 mg were scratched off of the 1 cm 2 specimens by hand using a cutter knife. The temperature was controlled in steps as shown in Table 1 . The temperature ranges, heating rates, and purged gas for all steps are shown in Table 1 . Nitrogen gas and dry air were employed as the purging gases at a flow rate of 200 mL/min. Mass change (%) from the original mass of the specimen was determined for all temperature and time profiles. The fiber content by weight was defined as the mass percent difference between the mass at the end of step 3 and that at the end of step 5. 
Fiber Content Measurement by Acid Degradation Method.
Fiber content measurements using strong acids were performed according to ISO 14127. For this test, 1 cm 2 specimens were used without further cutting. The weight of each specimen was measured using an electric balance. Using a measuring cylinder, 20 ml of concentrated sulfuric acid (36 N) was measured and poured into a 200 ml beaker. The specimen was introduced in the concentrated sulfuric acid and the beaker was covered with a watch glass. To dissolve the resin, the beaker was heated on a hot-plate stirrer (at ∼160 ∘ C) so that the sulfuric acid began to fume. When all the resin had dissolved and the sulfuric acid solution had become dark brown in color, heating was stopped. About 10 ml of a hydrogen peroxide solution (∼30%) was added slowly. The beaker was heated on a hot-plate stirrer again (at ∼160 ∘ C). When all the fibers floated up to the surface, leaving the sulfuric acid solution clear, the beaker was cooled to room temperature. The contents of the beaker were filtered through a glass filter, using vacuum suction, to separate the fibers. The fibers retained on the filter were washed with ∼100 ml of distilled water. Then, the fibers were washed with 20 ml of acetone. The glass filter was placed in an air circulation oven and dried at 120 ∘ C for 1.5 h. It was then placed in a desiccator without a vacuum oven for 30 min to cool to room temperature. The glass filter and fiber were weighed using an electric balance. The fiber content by weight was derived by dividing the weight of the specimen after dissolution by the weight of the original specimen.
RRT for Fiber Content Measurements.
The test protocols of RRT for fiber content measurements described in Sections 2.2 to 2.4 were managed by the Polymer Subcommittee of the Industrial Technology Cooperative Promotion Committee. All of the operators who measured fiber contents joined the meeting of the above committee and discussed detailed procedure of RRT. The operators understood the procedures of RRT. Therefore, RRT in this paper should be treated as a RRT measured by the experts.
Observation of CFRTP after TG Measurement.
Residues of CFRTP after TG measurements were observed using an USB camera (Shodensha, Osaka, Japan).
Results and Discussion

Fiber Content of CFRTP Samples
Obtained by the Combustion Method. RRT results for fiber content measurements for CFRP samples with 9 plies by combustion are shown in Table 2 . The average value and the standard deviation are expressed for each organization. The average and standard deviation of all of the results were calculated and are shown as "Total" in the table. The average value and standard deviation of fiber contents agree well with each other. Most of the standard deviation values are less than 1%. The average and deviation among organizations are also shown as "Interlaboratory" in the table. These deviations are less than 1%, as well. This result suggests good repeatability and reproducibility Tables 3 and 4 . The tendencies noted were almost the same as those observed in the RRT for the CFRP with 9 plies. Thus, no significant difference was noted among results obtained by different organizations. The standard deviations of the fiber contents are bigger than those in Table 2 .
Fiber Content of CFRTP Samples Obtained by TG.
The temperature profile was almost the same as that mentioned by ISO 9924-3. The mass change of CFRP with 9 plies by TG is shown in Figure 1 . Time dependence of the mass change of the CFRTP specimen and temperature are shown in the figure. The curve of mass change reached a constant at 600 ∘ C, which marks the end of step 1 mentioned in Table 1 . The mass change of CFRTP with 9 plies by TG with the same temperature profiles as that in Figure 1 under nitrogen gas is shown in Figure 2 . The difference between the results shown in Figures  1 and 2 indicates that the resin part of CFRTP may have been removed by thermal degradation under nitrogen gas, since carbon fiber is not degraded by heating under nitrogen gas. The optical microscope images of the residue using an USB camera are shown in Figures 3 and 4 . Figure 3 corresponds to the image of residue after step 3, shown in Figure 1 , and Figure 4 corresponds to the image of residue after step 5, shown in Figure 2 . These images show that carbon fibers are not degraded under nitrogen gas. The RRT results for fiber content measurements for the CFRTP with 9 plies are shown in Table 5 . The average value and standard deviation are expressed for each organization. The average and standard deviation of all of the results were calculated and are shown as "Total" in the The results for the CFRTP with 8 plies and 10 plies are shown in Tables 6 and 7 . The tendencies seen were almost the same as that noted for the CFRTP with 9 plies. No significant difference was noted among results obtained by different organizations. The standard deviations are sufficiently small for reasonable evaluation of the carbon fiber content of CFRP, although the standard deviation values are greater than those in Table 5 .
This new evaluation method of determining carbon fiber content of CFRP by thermogravimetry will be proposed as a new ISO standard.
Fiber Content of CFRTP Samples Obtained by Acid
Degradation. Another method of determination of the fiber content of CFRP using strong acid is also regulated by ISO 14127. The carbon fiber content of CFRTPs determined by this method was compared with values obtained by other methods. Table 8 lists the fiber content of CFRTP samples with 10 plies measured by the acid degradation method. The average value and standard deviation of the fiber content were almost the same as those obtained by the combustion method, shown in Table 4 , and those obtained by thermogravimetry, shown in Table 7 . No significant difference was noted among the fiber contents of the CFRTP obtained in this study by three different methods.
Accuracies of Fiber Contents Measurements.
The samples of fiber contents in this paper were mechanically cut from the plates derived from pre-preg made of plain weave clothes of carbon fibers. Before the mechanical cutting for samples, the edge parts of plates where the weave clothes were not isotropic were eliminated. An amount of carbon fiber of clothes is almost the same, when width and length of samples are the same. If width and length of samples are the same, the weight of samples depends on only weight of the resin in the samples. In this case, fiber content of samples is proportion of weight of samples, since the weight of carbon fiber is the same. The distribution of sample weight is closely related to the distribution of fiber content of the sample. It is thought that the deviations of fiber contents in this paper can be estimated as the deviation of the sample weight. The whole samples were used for fiber content by combustion method. Therefore, the fiber content distributions of CFRTP with 8, 9, and 10 plies are estimated as the initial weight of samples expressed in Tables 3, 2 , and 4. That is, 3.12% for CFRTP with 8 plies, 1.00% for CFRTP with 9 plies, and 1.80% for CFRTP with 10 plies. Nondimensional standard deviations of fiber contents by combustion are 3.94% for CFRTP with 8 plies, 1.07% for CFRTP with 9 plies, and 1.19% for CFRTP with 10 plies. Those of fiber contents by TG are 3.58% for CFRTP with 8 plies, 1.87% for CFRTP with 9 plies, and 3.58% for CFRTP with 10 plies. The deviation by the operators of RRT in this paper should be negligible, since all the operators of RRT are experts as described in Experimental part. The accuracies of fiber contents by both of combustion and TG are reasonable comparing with estimated distribution of fiber contents of samples. The RRT in this paper is considered as the RRT by experts. On this account and the fact that numbers of measurements in the organizations were not unified, the analysis of RRT is done according to the standards such as ISO 5725 series and ASTM E691.
Conclusions
A new method for the determination of the carbon fiber content of carbon fiber-reinforced plastics (CFRP) using thermogravimetry (TG) based on the ISO standard for determining carbon black content of rubber products was proposed instead of the combustion method or strong acid method regulated by ISO 14127. The resin of CFRTPs was degraded by TG under nitrogen gas and the carbon fiber was degraded by TG under air. The presence of carbon fibers was observed after degradation under nitrogen gas by microscopy. Round robin tests for carbon content measurement according to both the ISO 14127 method and the method proposed in this paper were performed by several organizations in Japan. The fiber contents in weight of the CFRTP with 8, 9, or 10 plies were determined to be 55.720 ± 1.227%, 61.088 ± 0.461%, or 65.326 ± 0.433%, respectively, by 17 research institutes. In the thermogravimetry method, the fiber contents of the CFRTP (∼10 mg) were determined by the mass of carbon fiber remaining after heating it to 600 ∘ C in nitrogen gas using thermogravimetry apparatus (modified ISO 9924-3). The fiber contents of the CFRTP with 8, 9, or 10 plies were determined to be 56.908 ± 1.598%, 61.579 ± 0.678%, or 64.819 ± 0.751%, respectively, by 8 research institutes. The standard deviation among the results obtained by different organizations was almost 2%, which was considered acceptable for reasonable evaluation of the carbon fiber content. This new, safe, and simple method of determining the fiber content of CFRTP samples will be proposed by the author to be included under ISO/TC 61, "Plastics." The title of the new proposal for the ISO will be "Carbon-Fiber-Reinforced Composites-Determination of Fiber Weight Content by Thermogravimetry (TG)."
